Injection of supercritical carbon dioxide (CO 2 ) into formations containing carbonate minerals may affect the porosity and permeability of the host rock and overlying caprock due to dissolution of the primary carbonate minerals and possible precipitation of secondary minerals. Simulations of pilot-scale CO 2 injection with co-sequestration of sulfur dioxide (SO 2 ) were conducted to assess the competing effects of dolomite dissolution and anhydrite precipitation on formation hydraulic properties. A geochemical model of two promising host formations in the midwestern United States (Rose Run and Copper Ridge) was developed for the purpose of assessing mineral dissolution and precipitation effects on injectivity and containment.
Introduction

Background
Numerical simulations of carbon dioxide (CO 2 ) injection were conducted as part of a program to assess the potential for geologic sequestration in deep geologic reservoirs-the Rose Run formation and the Copper Ridge formation-at the American Electric Power (AEP) Mountaineer Power Plant in West Virginia. AEP's Mountaineer Power Plant and its vicinity in the Appalachian Basin have been characterized for geologic sequestration potential through drilling and testing in a 2801 m deep well [1] . Site characterization data have been used to simulate CO 2 injection under several scenarios, such as vertical and horizontal wells, full-scale and small-scale injection, injection pressure variations, and two-or three-dimensional model configurations [2] . Reservoir tests at the site suggest that the Rose Run sandstone and portions of the Copper Ridge dolomite are potential storage reservoirs, and that they are conducive to hydraulic fracturing to further increase injectivity. Injection of supercritical CO 2 into formations containing carbonate minerals may affect the porosity and permeability of the host rock and overlying caprock due to dissolution of the primary carbonate minerals and possible precipitation of secondary minerals. For this paper, simulations of pilot-scale CO 2 injection with co-sequestration of sulfur dioxide (SO 2 ) were conducted to assess to the competing effects of dolomite dissolution and anhydrite precipitation on formation hydraulic properties. A reactive transport model of the Rose Run and Copper Ridge was developed for the purpose of assessing mineral dissolution and precipitation effects on injectivity and containment.
Rose Run Formation
Wireline logs and core samples [3] from the Rose Run formation showed a higher porosity and permeability zone approximately 4.3 m thick, between 2357 to 2361 m true depth below Kelly Bushing (bKB) (Figure 1 ). The Kelly Bushing on the drilling platform was 5.5 m above the ground surface. The Rose Run formation extends over an interval of 35.4 m, but core samples above 2357 m (true depth) show intrinsic permeabilities below 0.001 mD. In the interval of 2361 to 2398 m bKB, core samples show generally lower intrinsic permeabilities, with isolated values reaching 4 mD and a single high value of 35 mD.
Schlumberger's Elemental Analysis (ELAN) of the well logs was performed to evaluate the mineral proportions in the open hole boring interval. ELAN uses a matrix inversion technique to find a volumetric solution matching predefined sets of minerals and fluids with input logging curves based on response equations. In the Rose Run formation (Figure 2) , dolomite is the predominant mineral, except in the sandy layers, where quartz is the most prevalent mineral. Significant amounts of illite and anhydrite are present, likely as secondary minerals, with lesser amount of calcite in some intervals. Pyrite is not present in significant quantities.
Two 600 mL downhole hydrochemical samples were collected in the Rose Run formation on March 20, 2004. An activated-valve, downhole Kuster sampling device was lowered to a depth of 2281 m within the test tubing string. This sampling depth was approximately 250 above the top packer setting used to isolate the Rose Run test interval. The fluid within the test tubing was swabbed down to a depth of ~305 m. The downhole Multi-Flow Evaluator (MFE) shut-in tool was then opened, causing the inflow of Rose Run formation fluid into the test tubing system. After ~70 min of inflow, the sampling vessel was lowered by wireline to the targeted 2281 m depth. The downhole Kuster sampling valves were activated using a clock/timer system. The swab/sampling event was repeated a second time, with inflow to the test tubing and downhole sampling. The samples were labeled Rose Run formation fluid #1 and #2 (Table 1 ).
Copper Ridge Formation
Wireline log data [3] from the Copper Ridge formation (Figure 3) showed a higher porosity and permeability zone approximately 15 m thick, between 2477 to 2492 m (true depth below ground surface). This high-porosity zone, named the B-zone, also appears in the Bakerwell No. 1 Jarrell well in Gallia County, Ohio, but with considerably greater thickness [3] .
ELAN analysis of the well logs indicates that the Copper Ridge formation is predominantly composed of dolomite, with secondary amounts of anhydrite, calcite, illite, and quartz ( Figure 4 ).
Methods
Numerical simulation of CO 2 injection into deep geologic reservoirs requires modeling complex, coupled hydrologic, chemical, and thermal processes, including multi-fluid flow and transport, partitioning of CO 2 into the aqueous phase, and chemical interactions with aqueous fluids and rock minerals. The simulations conducted for this investigation were executed with the STOMP-WCS-R (water, CO 2 , salt and reactions) simulator [4] . STOMP was verified against other codes used for simulation of geologic disposal of CO 2 as part of the GeoSeq code intercomparison study [5] , and was used in previous investigations of CO 2 injection potential at this site [6] .
Partial differential conservation equations for fluid mass, energy, and salt mass comprise the fundamental equations for STOMP-WCS-R. Coefficients within the fundamental equations are related to the primary variables through a set of constitutive relations. The conservation equations for fluid mass and energy are solved simultaneously, whereas the salt transport equations are solved sequentially after the coupled flow solution. The fundamental coupled flow equations are solved following an integral volume finite-difference approach with the nonlinearities in the discretized equations resolved through Newton-Raphson iteration. The dominant nonlinear functions within the STOMP simulator are the relative permeability-saturation-capillary pressure (k-s-p) relations. The STOMP simulator allows the user to specify these relations through a large variety of functions. Two-phase (gas-aqueous) k-s-p relations can be specified with hysteretic or nonhysteretic functions or nonhysteretic tabular data. Entrapment of CO 2 with imbibing water conditions can be modeled with the hysteretic two-phase k-s-p functions. Two-phase k-s-p relations span both saturated and unsaturated conditions. The aqueous phase is assumed to never completely disappear through extensions to the s-p function below the residual saturation and a vapor pressure lowering scheme. Supercritical CO 2 has the role of a gas in these two-phase k-s-p relations. The hydraulic properties used in these simulations were detailed in a previous paper [2] .
For these simulations, a well model in the H 2 O-CO 2 -NaCl operational mode of STOMP was used. A well model is a type of source term that extends over multiple grid cells, partitioning flow according to the hydraulic properties of the formation. Assuming a constant pressure at the bottom of the well, the injection pressure at each cell in the well is determined as a function of depth. The CO 2 injection rate is proportional to the pressure gradient between the well and surrounding formation.
Simulations were conducted that considered geochemical reactions involving the minerals present in the formation, the formation brine and injected supercritical CO 2 . These simulations used the batch geochemistry solution module ECKEChem (Equilibrium-Conservation-Kinetic Equation Chemistry). This add-on module to STOMP is described in an addendum to the STOMP User's Guide [7] . ECKEChem uses an operator splitting reactive transport scheme. The operating splitting scheme solves the reactive species transport separately from the reactive species chemistry equations. The coupled nonisothermal multi-fluid flow and transport equations are solved sequentially with the reactive transport equations; and the reactive transport equations are solved sequentially as two components: 1) multi-fluid component and kinetic species transport, and 2) batch chemistry. Reactive species that are components of the flow and transport equations are linked to the components via source/sink terms.
Fourteen carbonate, silicate and sulfate aqueous species, and four mineral species were considered. The mineral composition of the formation was assumed from average observed values from the ELAN analysis (Figure 2 ). The dolomite layers were assumed to consist of 88 percent dolomite, 8 percent quartz, 2 percent calcite, and 2 percent anhydrite by volume. The sandstone layers were assumed to consist of 88 percent quartz, 8 percent dolomite, 2 percent calcite, and 2 percent anhydrite by volume. The predominant aqueous species were determined by simulating the formation water in equilibrium with observed minerals using EQ3 [8] . The equilibrium reactions used in the simulations are shown in Table 2 .
Kinetic mineral dissolution/precipitation reactions were assumed to be governed by Transition State Theory. The kinetic reactions used in the simulations are shown in Table 3 . Values for the equilibrium coefficients at 54ºC were taken from the EQ3/6 version 8.0 COMP database [8] . The reaction rates were calculated using a general kinetic rate law [9] (1) where r is the reaction rate in mol s -1 , A is the surface area in m 2 , k 0 is the intrinsic rate constant in mol m -2 s -1 , E a is the activation energy in kJ mol -1 , R is the universal gas constant, T is temperature in degrees Kelvin, and is the pH power law coefficient.
Values for the reference reaction rate and activation energy were taken from a compilation of mineral rate parameters [10] . Rate parameters for the neutral mechanism were used, thus the pH power law coefficient is assumed equal to zero. 
Rose Run Formation
Simulations were executed on a two-dimensional A downward pressure gradient of 1.11 × 10 4 Pa/m was used to initialize the brine pressure field. The pressure gradient was additionally assigned to vertical boundary surfaces located radially from the vertical injection well. This assumption allows reservoir brine to leave the computational domain with injected CO 2 . Isothermal conditions were assumed using the measured Rose Run formation temperature of 54°C (129°F). Brine chemistry was modeled assuming a 5 m aqueous NaCl solution, as an approximation in viscosity and density to the fluid sample from the Rose Run formation, which had total dissolved solids of 328,000 mg/L and chloride of 200,000 mg/L. The upper and lower boundaries were assumed impermeable.
Copper Ridge Formation
Simulations were executed on a 2-D radial grid. For the Copper Ridge formation, a temperature of 63°C was assumed, based on recent hydraulic testing [3] . Two fluid samples from the Copper Ridge formation showed average total dissolved solids of 304,000 mg/L and chloride of 185,000 mg/L. The initial pressure gradient assumed was the same as that assumed for the Rose Run Formation.
Results
To set up the initial conditions for the CO 2 injection, the observed formation water compositions for total C, Ca, Mg, Si, S and pH were allowed to equilibrate with the observed formation minerals for a period of 10 years. CO 2 was injected for 4 years at a rate of 82,500 metric tons/yr. A long recovery period of 100 years was assumed.
Rose Run Formation
Post CO 2 injection (Figure 5 ), aqueous CO 2 concentrations near the injection well increase rapidly, and pH decreases ( Figure 6 ). The rate of calcite dissolution in the formation is highest, with the rate of dolomite dissolution being a factor of 20 slower (Figure 7) . Overall, the amount of calcite dissolved in the formation, 5.5x10 7 moles, is 0.008 percent of the total amount of calcite initially in the formation, 6.8x10 11 moles. Locally, the greatest change in calcite mass is a decrease of 0.4 percent (Figure 8) , and the greatest change in dolomite mass is a decrease of 0.0087 Figure 5 . Supercritical CO2 saturations after 4 years of injection at a rate of 82,500 metric tons/yr in the Rose Run Formation percent ( Figure 9 ). These changes in mass are not sufficient to effect a noticeable change in porosity or permeability of the formation. No significant changes in calcite or dolomite occur near the caprock.
Compared to the 330,000 metric tons of injected CO 2 , 4,500 metric tons of dissolved CO 2 is added to the system by the dissolution of calcite and dolomite, an increase of 1.4 percent. The amount of supercritical CO 2 not dissolved at the end of the 100-year simulation, 270,000 metric tons, is not significantly different from a simulation without geochemistry. During the 100-year period considered, mineral dissolution does not noticeably affect the rate of carbon sequestration in the Rose Run formation.
Copper Ridge Formation
Post CO 2 injection (Figure 10 ), aqueous CO 2 concentrations near the injection well increase rapidly and pH decreases (Figure 11 ). The rate of calcite dissolution in the formation is highest, with the rate of dolomite dissolution being a factor of 20 slower ( Figure  12) . Overall, the amount of calcite dissolved in the formation, 1.7x10 8 moles, is less than 0.07 percent of the total amount of calcite initially in the formation, 5.5x10 12 moles. Locally, the greatest change in calcite mass is a decrease of 1.6 percent (Figure 13) , and the greatest change in dolomite mass is a decrease of 0.0032 percent (Figure 14) . The caprock was not modeled explicitly, but dolomite and calcite decrease only slightly in the upper layers of injection. Mineral dissolution rates in the Copper Ridge formation are slightly higher than for the Rose Run formation, because of the higher temperature assumed for the Copper Ridge, 63ºC vs. 54ºC for the Rose Run formation. Compared to the 330,000 metric tons of injected CO 2 , 22,400 metric tons of dissolved CO 2 is added to the system by the dissolution of calcite and dolomite, an increase of 6.8 percent. The amount of supercritical CO 2 at the end of the 10-year simulation, 141,000 metric tons, was 1.6 percent greater than the simulation without geochemistry. The increase in dissolved CO 2 from carbonate dissolution decreases the amount of injected CO 2 that can dissolve. During the 10-year period considered, mineral dissolution does not significantly affect the rate of carbon sequestration in the Copper Ridge formation.
Cosequestration of Sulfur
Redox transformations can become important when sulfur dioxide (SO 2 ) is also present in the injectate. In the presence of oxygen, SO 2 (g) dissolves to SO 4 2-:
where the log K is 32.6 at 54°C. Oxidation of SO 2 could take place by simultaneous reduction of ferric iron (e.g., hematite), or other reducible metal compounds, that are present in the formation rocks. The resulting increase in sulfate concentration could cause the pore fluid to become oversaturated with respect to gypsum (or anhydrite). Conditions in saline formations may be close to saturation with respect to calcium sulfate mineral solubility and, therefore, an increase in sulfate could result in precipitation that could lead to pore clogging, followed by loss of injectivity. The potential for solid phase precipitation could be intensified if the formation fluid also contains high concentrations of sulfate, which can occur, for example, if the brine is influenced by evaporite minerals.
Co-sequestration of sulfur dioxide was simulated by adding 1 percent SO 2 (g) by mass to the injected CO 2 . Because anhydrite precipitates more rapidly than the other minerals considered, the largest increases in anhydrite mass are seen close to the injection well. Locally, the change in anhydrite mass is as high as 14.2 percent for the Rose Run (Figure 15 ) and 60.5 percent for the Copper Ridge (Figure 16 ) injections. However, because these changes are relative to the initial volume fraction of anhydrite in the formation, which at 2 percent is relatively small, these changes do not result in significant changes in porosity or permeability near the well.
Conclusion
Injection of CO 2 into formations bearing dolomite, quartz, calcite, and anhydrite results in the dissolution of calcite and-to a lesser extent-dolomite. The addition of SO 2 to the injection results in the precipitation of anhydrite near the well. For a 330,000 metric ton injection of CO 2 , with a 100-year recovery period, mineral dissolution/precipitation does not significantly affect the rate of carbon sequestration in, or the formation properties of, the Rose Run and Copper Ridge formations. 
